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§ SECTION 1

INTRODUCTION

The objective of the High Altitude Supersonic Target (HAST) KJ-4 ;
guidance and control system analysis study was initiated to provide
preflight and postflight analysis support through the flight test mission
and to identify system performance improvement. These objectives were
met through analytical stability studies, flight test data evaluation,
and simulation analysis of the system. The following paragraphs chron-
5 ologically list and summarize these analyses.

The preflight stability analysis objectives were to determine the
stability characteristics (gain and phase margin), response characteristics
(lcep and system frequencies), and anticipated performance of the guidance
and control system. This was achieved by performing a root locus stability
analysis of discrete flight conditions, as defined by the flight test
trajectory, and by evaluating the resultant plots. The stability analysis
investigated the basic longitudinal and lateral airframe stability, indivi-
dual autopilot loop stability, and overall system stability. The stability
analysis determined the system to be stable, responsive, and able to meet
the proposed flight test requirements.

Next, simulation analyeis studies were performed to dynamically evaluate
the previous stability analysis, determine system sensitivity requirements,
and define the overall system performance. These studies were accomplished
utilizing six-degrees-of-freedom hybrid and digital simulation programs at
Wright-Patterson Air Force Base and at the Air Force Armament Laboratory.
The simulation analysis of the stability study evaluated the longitudinal
and lateral airframe responses, individual loop response, and overall .
system response. The results were identical and, thus, verified the ;
stability analysis and simulation modeling of the system. The system
sensitivity and performance analysis was conducted next and investigated
the effects of launch transients, autopilot gain variations, thrust mis-
alignment, wind shears and gusts, canard and aileron actuator rate variations, i
differentiator noise, and variation of programmed maneuvers. The previous
stimuli were applied individually and in combination for nominal and
excessive values. The simulation analysis dynamically concluded the system
to be stable, responsive, and able to meet the proposed flight test require-
ments.

The flight test of KJ-4 took place on 22 March 1974 with the following
results. Although the guidance and control system was operational and
functioned properly throughout the initial 10 seconds of flight, the system
was unable to maintain stable flight in the longitudinal plane. A divergent
oscillation was present from launch, ard this eventually saturated the
control effectiveness and resulted in an uncontrolled and unstable flight.

SR GRS A A

g




A

T

EEHBTRANG

T e

»

In addition, an aileron actuator failure was observed to have occurred

approximately 11 seconds into the flight when the system was beyond

control. An initial evaluation of real time telemetry data showed that

the indicated altitude differed from the true radar altitude measurements.

A further evaluation disclosed that the indicated altitude measurements

were sensitive to angle-of-attack variations, and this sensitivity pro-

duced a destabilizing altitude error of approximately 100 feet per degree

of angle-of-attack. This error was properly processed by the autopilot, ;
but its magnitude exceeded the iongitudinal guidance and control system

performance capabilities.

Postflight simulation analysis studies were performed next in order
to evaluate the results of the flight test data analysis. The simulation
analysis duplicated the flight test results when the simulation model
included the previously described altitude error. This verified the
simulation analysis model. After the altitude error had been defined
and modeled and duplicate results were obtained, a stability analysis was
initiated to evaluate the guidance and control stability characteristics
for recommendation of system improvements.

Follow-on stability and simulation analysis concentrated on the KJ-4
autopilot mechanization and on the effects that altitude error had on the
stability characteristics of the system. The results of the analysis
showed that an error of 10 feet per degree of angle of attack would be
required for stable flight. The initial indications were that this was
beyond the capabilities of the current altimeter sensor, and emphasis
would be placed on altitude error reduction and investigation of alternate
autopilot mechanizations. The various candidate mechanizations, which
were defined through analysis, represent increasingly more complex systems
with resultant increased performance capabilities. Beyond the present auto-
pilot configuration, these mechanizations would be:

a. Integral of accelerometer.

b. Pitch attitude.

c. Double integration of accelerometer.

d. Derived angle of attack.

e. Autopilot signal shaping.

£. An adaptive (gain scheduling) autopilot.
Proper selection of a previous mechanization is contingent on wind tunnel .
testing being performed on the altitude sensor and on the resultant defini-
tion of the altitude error throughout the performance envelope. For the

mechanization selected, an extensive stability and simulation analysis will
be performed to investigate the system performance throughout the flight

envelope.
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The altitude error observed during the KJ-4 flight test is a dynamic
error that can only be determined through dynamic flight test or during
separate wind tunnel tests for investigating this anomaly. Although
the flight test mission objectives were not totally satisfied, crucial
data were obtained, and solutions to the problems encountered have been
identified and are undergoing further refinement.
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SECTION 11
PREFLIGHT ANALYSIS
1. STABILITY ANALYSIS

The preflight stability analysis was performed to investigate the
guidance and control system stability and performance characteristics.
The system gain and phase margins, operating frequencies, and time con-
stants typify the characteristics determined by this analysis. The
analysis was accomplished through root locus analysis of the system
longitudinal and lateral autopilots for discrete flight conditions
contained within the KJ-4 flight test trajectory. Specifically, discrete
missile airframe dynamic responses were defined, and the resultant transfer
functions were then substituted into the system block diagram for root
locus analysis investigation. The root locus analysis investigated the
innermost autopilot loop initially and proceeded to obtain the resultant
plots and closed loop response required for closure of the next autopilot
loop. This process was repeated until the complete system was analyzed.
Evaluation of the resultant root locus plots defined the individual loop
and the complete system stability characteristics. Correlation of the
results obtained, for the discrete cases investigated, allows determination
of the overall system stability characteristics throughout the flight test
trajectory. Table 1 summarizes the results of the analysis, and the following
paragraphs provide a detailed discussion of the procedure followed.

The KJ-4 flight test mission was defined by the following conditions:
launch Mach = 1.5 and launch altitude ® 50,000 feet, cruise Mach = 2.0
and cruise altitude = 50,000 feet. From the previous mission conditions,
discrete missile airframe dynamic responses were selected as representative
of flight test performance. Table 2 states the resultant longitudinal
and lateral airframe transfer functions that were used for the ensuing
analysis. These transfer functions were then substituted into the longi-
tudinal and lateral autopilot block diagrams presented in Figures 1 and
2, and an analysis was performed for each dynamic case.

The longitudinal autopilot has two modes of operation and a specific
functional configuration for each. Under normal operation, the longitudinal
autonilot consists of the pitch rate damping loop, altitude rate damping
loop, and altitude guidance loop. Specifically, the rate damping loop
provides stability augmentation to the airframe and increased short period
performance capabilities. The altitude rate damping loop is used for pro-
viding lead information to the outer altitude guidance loop and for altitude
damping. The altitude guidance loop function is to provide stable and level
flight throughout the flight profile. In performing g maneuvers, the longi-
tudinal autopilot configuration is modified by the removal of the altitude
guidance loop and by the activation of an acceleration loop. The accelera-
tion loop provides damping and lead information to the altitule rate guidance
loop, and the altitude rate loop is used in place of the altitude position
loop for maintaining stable and level flight.
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£ The longitudinal rate damping locp transfer function (é/éc) was derived §
¥ B
from the system block diagram of Figure 1, and the resultant root locus %
B ¢ o » ,‘fw‘
; plots are shown in Figures 3 and 4. The @/Gc closed loop poles were ob-
tained for the operating gains, and the altitude rate damping loop transfer f
E function (ﬁ/ﬂc) was derived next. Figures 5 and 6 are the resultant root Q
locus plots obtained. Similarly, the ﬁ/ﬁc closed loop poles were obtained
\ ]
¥ . for the operating gains, and the overall altitude loop or system transfer g
| function (h/hc) was derived. Figures 7 and 8 are the total system root
locus plots, and the stability characteristics determined from all the ‘
» previous plots are summarized in Table 1.
The g maneuver longitudinal autopi’ot configuration was analyzed in %

the same manner. The rate dampines loop (é/éc) remained the same; while
the acceleration loop (W/OC) and altitude rate (ﬁ/ﬁc) were derived and
plotted as previously. Figures 9 to 12 are the resultant W/GC and ﬁ/ﬁc

root locus plots for this autopilot configuration, and the stability
characteristics obtained are summarized in-Table 1.

The lateral autopilot, which was analyzed next, consists of a roll :
rate damping loop, roll attitude loop, and a yaw heading guidance loop. 4
Roll wnd yaw are coupled in the lateral autopilot because the airframe
achieves turning performance through interaction of aerodynamic roll/yaw :
dynamic coupling. The roll rate damping loop provides stability aug-
mentation to the airframe and increased short period performance capabilities.
The roll attitude loop maintains proper roll attitude during flight and is
used to achieve the proper yaw maneuvers by control of roll attitude commands.
The yaw heading gujdance loop provides lateral stable flight throughout the
flight profiie. The previous loop transfer functions were derived from the
system block diagram of Figure 2 and were plotted in the same manner used
for the longitudinal analysis. Figure 13 is the roll rate damping loop

(&/&C) root locus plot; Figure 14 is the roll attitude loop (¢/¢C) Toot

locus plot; Figure 15 is the yaw heading (W/WC), or total system root locus
plot; and Table 1 gives the rssultant stability characteristics.
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The results of the stability analysis de:ermined that the system
stability characteristics met the flight test requirements of KJ-4.
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Figure 5. Altitude Rate Loop (h/hc) - Case 1.

}
;
z Z
/ <é ‘Q
iy 5
9 g |
(]
2 5
; A B
c o
3 <
o m ~
& N & 9
i o, B 8 &
3 O§b—1 . o
: o] o d
- = o
zz‘c}:’" o
W B g .5
o © O
w o < =

16

P Y b Vo g sl i b




= SR et S

PRI

30Td SNo0T 1004 ‘T 9SE) - ﬁum\mu doo7 93ey opnITITY "9 @IndI4g

R

s'z- 5 L- 0'01-

mwmwmmwwwwm{@ﬂ%$mﬁ%m&%nw i

,0T X 8

MR

= , #00°0

17

fg-z +

R

NIVD ONILV¥IdO LL000°0 = s&x

uy.

v
fors + NIVO DIWVNAQ ¥ dOOT @dS01) V
<)
X

0¥dZ d00T N2dO

310d d400T N2dO

! ikl S a
T e

e

AT . o g o e AR e e o A WL 15 5 WA AN st AT HAD A T s b # 2 ” s T =




30Td snd07 100Y

- (Cy/w dooy epmatary ‘L eandryg

870~ A A 91~

o

P

v

s

~

AR A o

e 00 3

Ss e

T

TR B e e

OTXT

NIVO ONILV¥EdO ZT1000°0 = vy

Yv.

NIVD JIWVNAQG "3 d00T @dSO13

04¥dZ d0O0T N3O

x O <« =

370d d0OT NHdO

e - e e oo e R — et e s

18




:
&
i
!
£
i
|

o

RN

3074 sno07 300y ‘'z ose) - (Cu/y) doo] epnITITy g 2anBrd

v 0- 8°0G- 2°1- 9°1-
*

NIVO ONILVYIdO Z1000°0 = Vi

NIVO DINVNAA V¥ d00T 43SOTD

O¥dZ d00T N3dO

X 0o g -«

3194 d00T NHdO

Ztioaslisi o

e e S R R R S R R R R R

19




Bt il L i

i Ladaiih [t i

iy

————E

PRI, 27 A

A

wre

s VS5 TSI bkt L N AR RN Aol

-

e et — e S =

NIVD DIWVNAd :z d001 @dso01d

30714 SNJ0T 300§ T ¥SB) - mu>\3v doo] uoT1BIRT9IdY "6 9n3Ty
s°z- 0°S- S L 0°01-
% ¥— - -¥ —= ———
¢00°0 900°0 60°0 900°0
£00°0
900°0
z10°0
o
N
gz +
(oS + NIVO ONLLV¥EdO 2900°0 = M

0¥dz 4001 NIdO

x oo << =

3704 40071 N3dO




L e

3014 SNO0T 300y °Z 9SB) - mo>\3v doo] uor3zRIaTEdOY ‘0 2and1g

A 0'S- G L~ 0°01-

W% H———>

900°0. 600°0 !

T00°0

P G o e

€00°0

£ 900°0
0
- o 2
fg-z +
‘ i

: fo's + -
; NIVO SNILV¥3dO 2900°0 = 3

0¥4Z d00T NIdO

v

NIVD DIWVNAQ :& d00T Qaso1d Vv
C]

9704 d00T-N3IdO X

v iR A O

T e ST o S ee S I TR TS e = . > ~
S R T e R e D e e R e e EREES T -- s P P - PSSO PN




o [ e e L

e Ry -

"L T .

b

(S S

AR

e

A

St e Gea LR e

30Td sno01 300y T ase) - (Pp/M) ysnoayy pesorn

Mt b i ps 1 22

- z- g= -
X ———— O F——————
0TXZ  orx8 ,.0[X8 10000 100
p- p- v
1 +-
,0T X 8
900°0
S10°0
fz +
NIVO ONILVYEdO £[000°0 = Ty y
NIVO DIWVNAG U d0OT @aso1n v
O¥3Z d0OT NIdO ©
910d dOOT NIdO X




EA IR e

E—— R S

1014 SnoOT 3004 ‘7 9SE) - (CA/M) UBnOIYL PISOID .ﬁom\mu doo a3By °pMITITY Tl 2IndTi

copmy
~4
+

waoﬂ X¢ enoﬁ X 8

8
p-01 X
p-0T X &

g —
01 X 8 €0°0

.vl

NIVS ONILVEEdO LL000°0 =¥

NIVO DINVNAG Y% dOOT QESOTD
oudz d00T NIdO

3104 d0OT NddO

o0 <9 =

23




P
=

ell L

i
b

24

-

W AT

Gk

Ve P

i 4 ey

g

O L (Y

AR

e

i

1014 SNd07 3004

for +

*z 9se)n - mO@\eu doo Surdweg s3ey [eI93®T °EI1 2an8t 4

€2°0 ¥90°0

5= 01- ST- 0z-
— —O-
££°0
NIVO ONILV¥dO ¥30°0 = N v
NIVO DIKVNAG 03 d0OT G2S0T0 ¥
o¥dZ doo1 N3O ©
T10d dOOT N3dO X

24




e

T Y

R T TR

+ 10j
j

TR

Siepengstree

e

-15

& CLOSED LOOP K¢ DYNAMIC GAIN

Figure 14. Roll Attitude Loop (¢/¢c) - Case 2. Root Locus Plot

AT
L

0.08 OPERATING GAIN

-20

R s

@ OPEN LOOP ZERO

X OPEN LOOP POLE
A K
¢

25

SR e e




T et
Ly

sy
\

L7 BT,

30

Ly

for +

NIV9 ONILVYEdO 0°T1 = au v
NIVO DIWVNAQ 9% do0T ads01d V
0¥dZ d00T NIdO ©

X

T10d 400T N2dO

26

PO




e

2. SIMULATION ANALYSIS

A series of simulation analysis studies were performed for evaluation
of the previous stability analysis and for determination of the system
performance and sensitivities. These studies were performed utilizing

digital and hybrid simulation programs. Most of the data were obtained from
the six-degrees-of—freedoml hybrid simulation developed at Wright-Patterson

Air Force Base and maintained by the Air Force Flight Dynamics Laboratory
and 4950th Test Wing.

The simulation analysis of the stability cases produced identical
results and simultaneously verified the simulation model and the stability

analysis results.

The simulation analysis of the system performance and sensitivities
investigated the effects of launch transients, autopilot gain variations,
thrust misalignment, wind shears and gusts, canard and aileron actuator
rates, differentiator noise, and variation of programmed maneuvers. A
hybrid simulation analysis sunmary of the KJ-1 Flight test is presented
in Table 3. The results obtained were compatible with stability analysis
results and determined that the system met the flight test requirements.

v

. lFurther information is presented in the following contractor document :
Hardware Tie-In,

HAST Data Package for Six DOF Hybrid Simulation Employin

Beech Aircraft Corp. Report, Code Identification No. 70898, March 1972.
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TABLE 3, PREFLIGHT HYBRID SIMULATION ANALYSIS SUMMARYa’b
1- 6 Familiarization and autopilot update runs
7 Longitudinal airframe response |
8 - 10 Longitudinal pitch rate loop response for Kq vatiations
11 - 13 Altitude rate loop response for Ki, variations
14 - 16 Altitu&e position loop response for KAn variations
17 Lateral airframe response
18 - 20 Roll rate loop response for K& variations
21 - 23 Roll attitude loop response for K¢ variations
la Ya; attitude loop response
27 - 30  Pitch rate launch transient analysis of élé
32 - 33 Pitch rate launch transient analysis of Kq and éIc
34 - 37 Roll rate launch transient analysis of élc
38 - 39 Roll rate launch transient analys's of 56 and 5Ic
40 - 42 Pitch and roll rate transient analysis of Kq and ‘i
43 - 45 Thrust misalignment in pitch plane
46 - 48 Thrust misalignment in yaw plane
51 - 52 Vertical wind shear analysis
53 - 54 Lateral wind gust analysis
54a Combination of vertical and lateral winds
55 - 56 Canard and aileron actuator rate analysis
57  Ah differentiator noise
56 - 61 Varying KJ-4 runs with combined maneuvers
‘al(q, Kl'Sh’ QKAh‘:, K¢, Kd} are appropriate aptopilot gains
BRI RG LBIION. " Y5 34 S |
e ¢Ic denotes initial conditions

Ic
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SECTION III
FLIGHT TEST RESULTS

The real time guidance and control parameters for the KJ-4 flight
test are shown in Figures 16 to 25. The required launch conditions were
met, and the flight test was initiated. From 5 minutes prior to launch
until 39 seconds after launch, telemetry data jndicated proper system
operation. All voltages, currents, event sequencing, engine ignition,
boost thrust, and commanded events appeared to operate normally. Dynam-
ically, the missile experienced a normal launch with the introduction of
nominal launch transients. A pitch oscillation was noted at launch, but
upon activation of the longitudinal autopilot, this was quickly damped out.
The missile lost altitude due to the effects of gravity and launcher kick,
and the control system responded by commanding increasingly positive
canard deflections. As the missile approached cruise altitude, the
canard position went to a full negative attitude and then reversed to a
full positive attitude. It became evident at this point that the longi-
tudinal autopilot was mnot maintaining stable flight.

In the lateral plane, the missiie achieved a flight trim roll attitude
to counteract the effects of fin misalignment and wind gusts. A steady-
state dynamic condition was achieved; but at approximately 10 seconds
after launch, large roll rates were experienced by the system. These
large roll rates occurred concurrently with the excessive pitch excursions
as the result of dynamic coupling. At 12 seconds after launch, inter-
mittent aileron operation was observed via the telemetry data. The system
was unstable at this time, and intermittent aileron operation appeared to

be a secondary effect.

The complete flight test objectives of the KJ-4 flight test mission

were not met, but critical data were obtained for evaluation.

29

SENAPCRES




e i i

e

ki

S L.

T o
syInsay 2S9L 3YSTI4 - AWLL SA ("4 - “UY) “%Uv 9T 2In3Td

(sanoD3s) FWIL -

[ § o1 - S 0
0
-
~—
00t
Uy >
*
008 _
-
[¢]
1
=2
=N
0021 ~
-
tm
T
3
P ”u:uuw.ﬁ. 0091
apmaTITV “‘(s4V - "4 - Y) = 4y
T
SpNITITY POIBIIPUI - Y
opmITITY 3SINI) - Y
uotTiendy qUETD - £V So4E
i 0. o
(‘u- v _

30

A

S b

o e




s3nsay 395 IYSTIJ - SWIL SA 93'Y SPNITITY ‘OpniTITy LI 9In3T4

(saNoDdS) FWIL

o 01 S 9
008
: yy
i 93BATIOV
. jo11doany ooy EE&
| a3
: _———— -3 m
. ~ &
. n =
E M (
[ 0 L)
W
0ov-
durquryy +
Sutalg -
93®Yy Spnar2Iy - Yy 008-
pUBWWO) ddUBPINg SpNITITY - :¢
]
F

31




=2 N

1

L

e aa gy

=l

st

s3nsay 3SOL ST - SWLL SA 338y U3

1) 8

(saNpDas) FWIL

81 9andt4q

ov-
o
=
a
=
cmu,w
= o™
. g}
~
o
m
0o &
wn
a
e
114
104




%

R i) [
bt

s

e g

s3nsey 3591 IYBTITJ - SULL SA UOTITSO4 PIBUE)

1

(saNOD3S) dWIL

*61 2In31yg

HLVAILOV
L01140L0V

0z-

o
i
!

(=]

[=]
-1

0z

(s99999a) NOILISOd (QYVNVD

33




eyt

o

~—
r~
w)
2
(=}
i
z
g
=
-

wn

Normal Acceleration vs Time - Flight Test Results

Figure 20.

-]
.
o~

< o %
9 - o
~t 1 1

(58) NOILWNZTADOV TVIWHON

34




S3INsay 3S9L IYBIT4 - SWIL SA 9PNITIIV MBL g 3Indiyg -

(SaNoDdS) FWIL
st ot S 0

5

=-

>

8'8~ o

-

~3

[==

: v g 9

N -~
‘ &
vy o

- -

8’8




siynsoy 3s9L IYSTI4 - SWIL SA 9pnITIIV TI0¥ “Z¢C 2and1d
(sanoJdas) FWIL
St 01 S 0
., ov
0z
] 0
0zZ-
ov-
i
m

R e mmn.m. »mu AT .\.MMN‘

394940 FANLILLY 1104

¥

wn

(

36




s
s

e

k3
W s3TNsay 1S9l IYSTId - OWI] SA 93®Y [I0¥ ‘€7 9InFT4
T
M (SaNODdS) FWIL
! St 01 S 0
‘ | .
;
| 0g
3
w ST =
E e
4 : =
: > ~
3 ()
5 m
- 0o S
[7p}
~
wn
m
&

ST-

O |

0e-

L

i

-
S

Vi e

i)

i

3 -

i i ey s S e BN E g T g e s Skt e SR i S sl SRR
T T e e e L oA A R s B R R
i A S




A et

5 el S T SO A K R

RS g ey

bRl SR R

A A R o SR S SRR RSN S —— oy

S
A

25

e

R E AT
s

TR SR SO

crme

-
o R TR

R s LR

10

TIME (SECONDS)

A T

Aileron Position vs Time - Flight Test Results

Figure 24.

4 w ¢ & o %

(s39¥930) NOILISOd NO¥dTIV .

-8

4
i}

38

b sdh A e




L3 FUERTE NS o .

" o WWW ‘35{% SRt @’ ‘?ﬁ%ﬁ" “‘m{"‘ﬁm W"’%@% ,"l. fﬁ. ‘-v 40.'.' :
"ﬂ"l’w @?}w@&' 0 "Ni'" .J? R dﬁ@?ﬁ’m@’% ST T B e stk S B el R ER AR WL. m!:m. -55«3’3&.{:51'@. ?é S R RS A BN IR gf N et Ot TR
Pl i rw..vu"g/}f gﬁi". .33515‘ R S "

T e ot

e

s

15

Yaw Angle of Attack

@ = Pitch Angle of Attack

B

TIME (SECONDS)
Angle of Attack vs Time - Flight Test Results

]
_‘ w
I 1A
‘ N
| &
'? g
y o
18
;
i ¢
f N2
{ " )
§ »
! < 5 . ° 1 ?
§ - (S33¥93q@) NOVLLY 40 HTINV
2 é
c 39
e |
5
|
i




WSS e e PP WA T R R

-
g.
if;, ~ SECTION IV
POSTFLIGHT ANALYSIS
| 1. DATA ANALYSIS
g The flight test results were evaluated by utilizing a cause and effect i
& approach. The individual autopilot guidance signals were identified and
i verified, and the calculated control command was compared to the actual
i control position. Since the longitudinal autopilot characteristics were ,
5 most suspect, they were analyzed first.
b The initial evaluation of the longitudinal autopilot resulted in veri-
8 fying proper system operation. Figure 26 shows that the control command
g ! matched the flight test control position. Further evaluation of the
guidance sensors showed that indicated altitude did not match radar alti-
5 tude data (Figure 27). Reevaluation of the data disclosed that the indicated
k attitude transient response characteristics were identical t¢ the angle-
5 of-attack characteristics (Figure 28). This was attributed to the pitot
? static tube being sensitive to angle-of-attack variations and resulted in
i the generation of destabilizing altitude guidance signals equivalent to 100
; feet per degree of angle of attack. All other operations of the longi-
tudinal autopilot were functioning normally, and this altitude error was
' jdentified as the cause of the system instability; a simulation analysis
i was started.
-
_ The lateral autopilot operated properly for the first 8 seconds after
" ; flight. During this period, the control command was normal, except for

a larger than nominal aileron oscillation (Figure 29). This is attributed

to hardware mechanization and component tolerances of the (0.1255+1) lateral
shaping compensatica. The flightpath is unaffected since the airframe

filters this oscillation, but the main concern here is with the resaltant
actuator wear. From 8 to 11 weconds after launch, the large pitch tran-
sients dynamically coupled into the lateral plane and produced large lateral
transients. The system became uncontrollable at that point. An intermittent
aileron actuator operation was also observed but had negligible effect because
the system was already in an unstable condition.

e A e e XYL N

. As a result of the data analysis, further studies were undertaken to
‘ evaluate the pitot static tube sensitivity, which was the source of the
pitch instability problem. .

2. SIMULATION ANALYSIS

A simulation analysis was conducted to verify the data analysis con-
clusions. A series of studies were performed utilizing the hybrid simula-
tion at Wright-Patterson Air Force Base. The analysis investigated the
flight test altitude error and the accuracy of the simulation model.
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The altitude error was introduced into the simulation model with
the following equation:

h =h-Ka (1)

Where hm is the measured altitude, h is the real altitude, Ka is the

altitude error constant, and o is the angle of attack. The analysis

showed that for K_ = 100 feet/degree, the simulation data were identical

to the flight test results. Figure 30 shows a comparison between simulation
and flight test data of the canard position parameter. The remaining
longitudinal parameters were compared with the flight test data and

provided identical results.

Additionally, a simulation analysis was undertaken to verify the
simulation model accuracy when compared with dynamic flight test data.
This was accomplished by performing an open loop simulation of the model,
using the canard and aileron actuator positions from the flight test data
as forcing functions. The resultant simulation data were comparable to
the flight test results and provided dynamic verification between the
simulation model and the actual system operation.

The simulation analysis concluded that a Ka = 100 feet/degree was

the cause of the KJ-4 flight test instability. In addition, the accuracy
of the simulation model was determined to match the system operational
characteristics. S
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SECTION V
SYSTEM IMPROVEMENTS

A detailed stability and simulation analysis was performed on the
system autopilot mechanization and altitude error. The results of this
analysis determined that the following system improvements would be re-
quired: minimization of altitude error, alternate autopilot mechanization,
and investigation of velocity control autopilot.

The analysis results showed that an altitude error of 10 feet/degree
would be within the current guidance and control performance capabilities.
However, this requires a 10 to 1 improvement in the altitude sensor and
is beyond the hardware performance capabilities. Projected improvements
to the pitot static tube could slightly reduce the error magnitude and
reshape the characteristics so that the altitude error would provide over-
damping; however, this would result in sluggish and unacceptable system
performance.

Since the error is a function of the angle of attack, a measured angle-
of-attack correction would compensate for the altitude error. This is not
realizable, primarily due to packaging constraints and angle-of-attack
hardware accuracy. A derived angle of attack could be achieved by using
canard position and signal shaping. A comparison of canard position and
angle of attack is precented in Figure 31. The derived angle of attack
could also be obtained by use of the pitch rate gyro and the normal
accelerometer in solving the following equations:

o=a+y, 0=/8, v=¢/N, @

Where O is the integral of the pitch rate gyro, ¢ is the angle-of-attack,
Yy is the flight path angle, V is the missile v.locity, and NZ is the normal

accelerometer. It should also be noted that the altitude measurements are
a function of dynamic pressure. ‘Therefore, for optimum compensation of the
altitude error, a multi-function compensation derived from dynamic pressure
and angle-of-attack measurements is required.

The use of a nose probe for sensing altitude would result in better
sensor performance and greatly reduce the angle-of-attack sensitivity.
Wind tunnel tests and analysis, to date, postulate an altitude error of
30 feet/degree, which is still beyond the current guidance and control
performance capabilities but represents significant improvement. Additional
compensation, as discussed previously, would further reduce the error magni-
tude; however, this approach affects the vector miss distance scoring system
and the on-board radar augmentation. Tests have been plamned to evaluate
these effects extensively, but at present, the data available are insuffi-
cient for a decision on this method.
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The techniques just discussed are methods of reducing the altitude
sensor error and must be evaluated according to error magnitude and system
performance. Extensive wind tunnel and analytical studies are currently
in progress to define the error and performance improvements achievable
throughout the performance envelope. Contingent on the results obtained,

the best candidate approach for minimizing altitude error will be defined.

The present longitudinal autopilot mechanization can operate only in
the presence of very small altitude errors because of the nature of its
functional operation. Currently, the altitude rate is obtained by taking
the derivative of the altitude measurement. This results in taking the
derivative of the altitude error and introducing it into the more responsive
altitide rate damping loop. This mechanization is marginal, at best, and
should be replaced by an alternate approach. The following paragraphs

discuss various alternate autopilot mechanizations, which increase in
complexity and performance capability.

The easiest alternate mechanization would be to use the integral of
the on-board accelerometer to provide altitude rate damping, in lieu of
the derived rate. A stability and simulation analysis determined that
this approach could maintain stable flight for altitude errors of 400 feet/
degree at the dynamic pressure flight conditions around the KJ-4 flight
case. At higher altitudes and large dynamic flight conditions, the per-
formance decreased, as would be expected for a fixed gain autopilot mech-
anization, since it is compromised to achieve overall system performance.
Applying signal shaping techniques to this mechanization allows for altitude
errors of 600 feet/degree and improved transient response. Figures 32 and
33 are the overall root locus plots for the uncompensated and compensated
versions of the previously discussed mechanizations and show the increased
gain and phase margin of the compensated system.

The use of pitch attitude to provide altitude rate damping is another
mechanization. This mechanization is less responsive and, accordingly, can
tolerate a larger altitude error. The system is less responsive since it
is providing rate damping by controlling on pitch attitude. Furthermore,
this approach is compounded by the requirement for a quality attitude sensor.
This sensor must have small corresponding drift rates to be compatible with
missile flight times and accuracy requirements. The present dense system
packaging does not readily permit installation of the additional sensor.
Sensor cost is also a significant consideration. :

Another mechanization that also uses the accelercmeter would modify
the original guidance equation to:

h = — (h-Ko +[/N) | (3)
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Where hm is the measured altitude, h is the real altitude, Kaa is the
altitude error, and N, is the double integral of acceleration. Equation
(3) reduces to:
A K2A

h =h - —, h=h+ [fN (4)
As indicated by Equation (3), the altitude error is reduced by 50 percent.
This approach would use the integral of accelerometer to provide system
altitude rate damping and would require the minimization of accelerometer
bias errors to preclude excessive altitude errors produced by the double

integration procedure. Electronic signal shaping could also be used to
minimize the integration errors.

The use of derived angle-of-attack compensation was discussed in the
first part of this section when considering a reduction in the altitude
error in the sensor implementation. However, this approach could also be
applied to the autopilot through mechanization of the following guidance
equation: :

hm = h - Kaa + Ka oy (5)
-d
Where hm’ h, and Kaa are as previously defined, and Ka 0y is attitude

; . . d
error compensation as a function of derived angle-of-attack, for best

results, Ka should also be a function of measured dynamic pressure.
d

The following autopilot mechanizations address overall improvements
and concern signal shaping and an adaptive autopilot. In performing
stability analysis studies of the present autopilot, the lack of signal
shaping was apparent; this is especially true for the longitudinal auto-
pilot. The current autopilot configuration is characterized as a fixed
gain autopilot whose response varies considerably through the performance

.

“envelope. With the addition of properly chosen signal shaping, the dynamic

system characteristics can be less sensitive throughout the performance
envelope. The root locus plots shown in Figures 34 and 35 are of the
longitudinal pitch rate loop (O/Gc) shown in Figures 3 and 4, with signal

shaping added. A comparison of these plots provides the results shown in
Table 4. In summary, the addition of the compensation produces the following
effects: increased frequency response and increased transient response.
Similar improvements could be achieved with the remaining autcpilot loops.
The current system is stable, but the addition of signal shaping would
improve overall performance.
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The use of an adaptive or gain scheduling autopilot is a very attrac-
tive optimum mechanization and is readily a.iievable with the complement
of guidance signals available. This autopilot would allow the system
performance to operate around a nominal response by variation of autopilot
gains. The autopilot gains would be a function of the following properly
weighted signals: dynamic pressure, velocity, derived missile mass, '
derived moment of inertia, actuator position, and derived angle-of-attack. T om
This would leave only the aerodynamic coefficients not measured, but these
have less effect on the dynamics than those previously mentioned. However,
if required, the aerodynamic coefficients could be derived from tables as
a function of Mach and angle-of-attack. To examplify the previous dis-
cussion, the following longitudinal dynamic transfer function equations
will be used:

™ = 1_y§ = Cm_0qSD + Cs8aSd + C g S:’-%éﬁ‘-z + | (6)
IF = mVy = CNa“qS + Cygas | (7)
O=a+Y (8)

The individual parameters of the previous equations are determined
accordingly: '

S is missile reference area constant.
d is missile reference length constant.

is measured dynamic pressure (air data module).

o L

is measured actuator position (feedback potentiometer)

Qe

is measured pitch rate (rate gyro).
V is measured missile velocity (air data module) .
o is derived from & or froma =90 - Y, © =.fé, and Y = (l/V)sz.

m is derifed from integration of throttle valve position (feedback
potentiometer).
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Nz is measured normal acceleration (accelerometer).
Iy is a function of derived m.

The nominal agrodynamic coefficients could be used, and the small
secondary terms (a, 6) could be neglected. Substitution of the previous
parameters into Equations (6) to (8) allows solution of the dynamic equa-
tions throughout the flight envelope. These dynamic variations of the
airframe,or autopilot control element, are defined within system tolerances,
and the appropriate autopilot loop gains would be weighted to maintain a
nominal performance bandwidth throughout the missile flight. This is
attainable in a number of mechanization levels, and the benefits to be
derived are worthwhile.

The velocity control autopilot is undergoing further investigation
due to the indicated Mach number being sensitive to angle-of-attack
variation. The Mach number is measured from the same pitot static tube
as used for altitude, and similar errors are introduced into the velocity
autopilot. A slight variation between measured and true Mach numbers
were noted in the KJ-4 flight test results. These Mach number errors
are small for low dynamic conditions but are significant at high dynamic
conditions. Correction of the error could be achieved in the air data
computer and have no impact on the current mechanization. The impact on
the system will be defined from the results obtained in pitot static tube
wind tunnel tests.

R R
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SECTION VI
CONCLUSION AND RECOMMENDATIONS

This guidance and control analysis of the HAST KJ-4 missile determined
and parameterized the cause of the system flight test failure and proposes
various system improvements for achieving required performance.

The cause of the present system instability is attributed to the system
sensitivity to altitude errors introduced through the pitot static tube.
These errors are a function of the missile angle of attack, and when they
are coupled with the current autopilot configuration, the guidance and
control performance capabilities are exceeded. Specifically, an altitude
error of 100 feet/degree of angle of attack was experienced during the
flight test, and a 10 foot/degree error can be handled by the present
guidance and control system. This is beyond the system capabilities and
warrants a combination of sensor improvement and an alternate autopilot
mechanization.

As a secondary effect, the Mach number measurements derived from the
same pitot static tube are also sensitive to the angle of attack. This
presents no instability problem, and the significance is lessened with
projected pitot static tube improvements.

Various system improvements are proposed for attaining the required
system performance. Summarily, these trade-off error minimization in the
sensor and candidate alternate autopilot mechanizations. Tables 5 and 6
summarize the improvement characteristics and list them according to
increased complexity and performance capabilities. Currently, wind tunnel
tests and related analytical studies are being performed to improve and
to parameterize the pitot static tube performance. Following the analysis
of the results obtained, the appropriate system configuration will be
defined.

An additional worthwhile improvement to the system would be the use
of signal shaping or an adaptive autopilot. Either of these would improve
the overall system performance throughout the flight envelope by reducing
the autopilot sensitivity to airframe dynamic variations. The recommended
use of an adaptive autopilot is based on the number of readily available
guidance signals and the large system dynamic variations.
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INITIAL DISTRIBUTION

ASD (ENYS)

AFFDL (FG)

Hq 4950 TESTW (TZHM)
AUL (AUL-LSE-70-239)
DDC

USAF (SAMI)

Ogden ALC (MMNOP)
AFWL (LR)

TRADOC (TAWC-LO)
AFATL (DL)

AFATL (DLB)

AFATL (DLM)

AFATL (DLMA)
AFATL (DLMH)
AFATL (DLMQ)
AFATL (DLOSL)
ADTC (XRC)
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